[1] The mineral aerosol mixture composition for the March 2006 Saharan dust storm is assessed in this paper on the basis of the analysis of visible to near-infrared (VIS-NIR) and infrared (IR) aerosol optical thickness (AOT) spectra obtained during the Portable Infrared Aerosol Transmission Experiment (PIRATE). The AOT spectra from 8 to 13 mm were determined using column-integrated solar transmission measurements using a Fourier transform infrared spectrometer. To determine the mineralogy and mixture composition of the dust, we determined the expected mineralogy of dust from the Algerian source region in a dust storm environment. Then we computed the modeled VIS-IR AOT spectra using Mie theory for external and internal mixtures. We compared the modeled VIS-NIR AOT spectra and derived index of refraction and single-scattering albedo with the measured values from AERONET and compared the modeled IR AOT spectra with the values from our IR measurements. The fit between the measured and modeled values was best when we used an extinction resonance correction to the Mie theory results to better account for the exact wavelengths and shapes of some of the AOT peaks for mineral particles. The mineralogy and mixture composition of the best dust model includes external mixtures, internal mixtures, and mineralogy dominated by quartz, illite, and calcite. The modeled mean radius was determined, and several modes were computed in agreement with AERONET results.
Introduction
[2] Mineral dust aerosols have a significant impact on the Earth's radiation budget and climate [Forster et al., 2007] . Dust redistributes radiative heating at the surface and in the atmosphere by scattering and absorbing shortwave visible (VIS) and/or near-infrared radiation (NIR) and by scattering, absorbing and emitting longwave infrared (IR) radiation [Sokolik and Golitsyn, 1993; Tegen et al., 1996; Claquin et al., 1998; Liao and Seinfeld, 1998; Sokolik et al., 1998; Wald et al., 1998; Hsu et al., 2000; Quijano et al., 2000; Díaz et al., 2001; Haywood et al., 2001; Myhre and Stordal, 2001; Weaver et al., 2002; Agassi et al., 2008; Yoshioka et al., 2007] . There are still challenges in modeling the radiative impacts of mineral dust, so in this paper we present a method for evaluating the mineralogy and composition of mineral dust using radiative properties in the VIS-IR.
[3] In part 1 [Thomas et al., 2009] we presented the measured extinction from dust in the IR to help address the radiative effects of Saharan mineral dust. We found that the measured AOT is similar to results from Highwood et al. [2003] and can be approximated for some of the wavelengths using Mie models using indices of refraction from Volz [1973] , Fouquart et al. [1987] , and D'Almeida et al. [1991] . In this paper we evaluate the likely mineralogy and morphology (shape and composition) of the dust plume reported by Thomas et al. [2009] based on the agreement between different models and our measurements. Our work focuses on the aerosol optical thickness (AOT), index of refraction (IOR) and single scattering albedo data in the VIS-NIR and the AOT in the IR and determines how well typical parameterizations of dust using external mixtures of typical minerals from the dust source region and Mie theory reproduce the measured spectra. As will be shown later, external mixtures with Mie calculations do not produce VIS-NIR and IR AOT spectra that match all our measurements exactly. Hudson et al. [2008a Hudson et al. [ , 2008b found that Mie theory gives a poor fit to the resonance line positions and line shapes of some mineral aerosols, most likely due to the asphericity of dust particles. They also suggest that simple analytic model results, derived in the small particle limit, for absorption by particles with characteristic shapes (disks, ellipsoids, needles, etc.) may offer a better fit to the resonance line absorption profiles than Mie theory, at least for mineral dust aerosols with diameters, D < 1 mm. Consequently we tried alternative models such as a simple modification to Mie calculations to account for the dust asphericity and internal aerosol mixtures to determine how well these models match the measured data. It is shown later that either of these alternatives provides a better match to the measured AOT, and the combination of both the resonance correction model and the internal mixture model yields the best match. In the first part of this paper we will review the dust event and the average measured AOT and number distribution from Thomas et al. [2009] . Then from the dust source region we estimate the likely minerals that make up the dust, and finally use these minerals in our various models to compute the composition that best matches all the measurements.
March 2006 Dust Event
[4] The dust plume we used in our measurements and analyses originated on 5 March 2006 when strong northerly winds from an intense extratropical cold front penetrated into the Algerian Sahara Desert and produced a wide front of dust in the lee of the Atlas mountains in Northern Algeria [Slingo et al., 2006] . The March 2006 dust event was similar to the March 2004 dust event (for more information on the meteorology and dust in the 2004 event, see Knippertz and Fink [2006] ) in that the dust propagated in a relatively smooth front in a radial pattern from Northern Algeria to the south and westward across Niger and Mali over the following days, lifting more dust into the atmosphere, and reached Niamey, Niger on 7 March 2006. The Harmattan-driven dust plume also moved on a southwesterly path from Southern Algeria and reached M'bour, Senegal (60 miles south of Dakar) on 8 March. For the next several days dust poured off West Africa and over the Eastern Tropical Atlantic. Observations of this event were also made in M'bour as part of the AMMA campaign as reported by Derimian et al. [2008] .
Back Trajectory Analysis
[5] The source region(s) for the dust at M'bour can be estimated using the back trajectory analysis from NASA GSFC [Schoeberl and Newman, 1995] Figure 1 shows two 3-day back trajectory maps ending near the surface at M'bour with P = 950 hPa. Figure 1a shows separate trajectories for each end day from 8 -12 March with starting pressures and dates listed. The background image, from Knippertz and Fink [2006] , shows geographic landmarks of Northwest Africa. Figure 1b shows the back trajectory for 10 March 2006 with the air pressure and location listed for each day to 7 March. The background image shows the distribution of the dust plume (pink) on 7 March 2006 as determined by EUMETSAT. From these two maps it is apparent that the 950-hPa air parcels at M'bour traveled from Northern Algeria relatively close to the surface through Southern Algeria and portions of Northern Mali and Southern Mauritania, possibly entraining dust from these regions as the front progressed toward Dakar.
AOT Measurement Summary
[6] To assess the IR radiative properties of this Saharan dust plume event, we conducted ground-based experiments in M'bour, Senegal (60 miles south of Dakar) at the Institute for Research and Development (IRD), on 8 -12 March 2006, to directly measure the aerosol optical thickness (AOT) of the Saharan dust in the IR as a function of wavelength. The Portable Infrared Aerosol Transmission Experiment (PIRATE) was a ground-based experiment designed to measure the IR AOT of mineral aerosols (dust) from the Saharan desert. A Fourier transform infrared (FTIR) spectrometer (8 -13 mm, 4 cm À1 spectral resolution) was used as a high-resolution infrared Sun photometer in the solar transmission mode. The PIRATE equipment was set up next to an AERONET sensor during the measurements in M'bour so that the AERONET's VIS-NIR measurements of the dust AOT, size distribution, zenith angle and water vapor could be directly used for comparison and in our calculations. Details of our measurement techniques and results are reported by Thomas et al. [2009] . The main result from our measurements is the determination of the average mineral IR AOT for 9 -12 March 2006 in M'bour. Figure 2 shows a plot of this average AOT along with the average AOT plus and minus the AOT measurement error for the IR. The values at 440, 670, 870 and 1020 nm are from AERONET. The VIS-NIR AOT values are likely much higher than the IR AOT values owing to the relatively small dust size distribution.
Expected Mineralogy
[7] Desert soil types are generally classified according to their particle size [Hatch and Grassian, 2008] . Soils composed of silt have particles with radii from 1 to 25 mm while the clay soils are made from particles less than 1 mm in radius. Saharan silt is often composed of silicas (quartz (SiO 2 )), feldspar (albite (NaAlSi 3 O 8 ) or anorthite (CaAl 2 Si 2 O 8 )), carbonates (calcite (CaCO 3 )), iron oxides (hematite (Fe 2 O 3 )), and gypsum (CaSOÁ2H 2 O), listed in order of average global abundance [Pye, 1987] [Chester and Johnson, 1971; Glaccum and Prospero, 1980; Mooney and Knacke, 1985; Schutz and Sebert, 1987; Ganor, 1991; Claquin et al., 1999; Sokolik and Toon, 1999] . Mineral aerosols are produced when strong winds exceeding a certain speed threshold blow across the desert surface [Pye, 1987] . Saltation (the bombardment of mineral particles at the surface during strong winds to produce mineral aerosols) then occurs and leads to the injection of the aerosols into the atmospheric boundary layer. Once entrained in the atmosphere the larger and heavier dust particles (generally from silt) tend to settle nearer the source region, while the smaller particles remain in the atmosphere for longer periods of time and can therefore be transported over long distances [Prospero, 1999] . Claquin et al. [1999] found that the correlation between the mineral ratios in dust and the parent soils are quite high even when the dust is far from the source. The specific composition of mineral dust aerosol therefore depends on the source region soil composition, the entrainment and advection processes, the particle size distribution, and chemical modifications to the aerosol during transport.
Mineralogy of Algerian Source Region
[8] Several studies of Saharan mineral aerosols have found that over half of the total atmospheric dust mass consists of layered clay silicates, such as illite, kaolinite, and montmorillonite [Hatch and Grassian, 2008] . [Avila et al., 1997] found the general order of mineral concentrations from Northwestern Africa as measured in Spain to be (in order of decreasing concentration) illite > quartz > montmorillonite > palygorskite > kaolinite > calcite > dolomite > feldspar, with the IR transmission spectra of palygorskite being similar to that of montmorillonite and the spectra of dolomite nearly identical to calcite.
[9] The mineralogy of the dust from different source regions within the Saharan Desert, including Algeria, can be further refined on the basis of the ratios of certain minerals. Avila et al. [1997] found that the differences in mineralogy between source regions are most significant for the lower content minerals, for example, kaolinite, calcite, gypsum, chlorite and hematite. For instance, several studies of Saharan dust clearly point out that kaolinite is much more abundant than chlorite, leading to a kaolinite/chlorite ratio generally larger than 2 [Glaccum and Prospero, 1980; Avila et al., 1997] or even the absence of chlorite [Caquineau et al., 1998 ]. Caquineau et al. [1998 Caquineau et al. [ , 2002 determined that the illite-to-kaolinite (I/K) ratio for dust originating in Northern Algeria is about 2.5, but for specific areas in the Northwest Sahara sector I/K varies from about 1.5 to as high as 10 [Avila et al., 1997] . Blanco et al. [2003] reported that dust samples collected from dust events from Northwestern Sahara have larger concentrations of quartz, calcite, and gypsum than most of the other parts of the Sahara. Kandler et al. [2007] determined that the aerosol calcium content is correlated with the calcite concentrations of soils in the source region, and the highest values were observed for Northern and Central Algeria and Morocco. Schutz and Sebert [1987] found the calcite/quartz ratio to increase during dust emission and Claquin et al. [1999] found this ratio to decrease during transport as calcite is dissolved (into gypsum). Lafon et al. [2004] found that Saharan dust from Chad had a hematite volume concentration of 2.8% while for dust from Niamey, Niger, the hematite concentration was 5%, giving a potentially higher hematite concentration toward the west (near Algeria).
[10] Thus for dust originating in Northern Algeria, typical dust mineralogy can be estimated on the basis of consideration of the above cited results and the more precise Table 1 . The average of these columns (while limiting the minerals to those for which we know the complex index of refraction in the VIS and IR, for example, those without dashes in the Algeria column, and with nonzero hematite per Lafon et al. [2004] ) is listed in the Algeria column and represents our estimated typical dust mineralogy The most common mineral is illite, followed by quartz, kaolinite, and calcite.
Quartz Enhancement in Dust Storms
[11] During previous Northern Saharan dust storms, O'Hara et al. [2006] and Kandler et al. [2008] found quartz to have the greatest mass fraction in Libya and Morocco, respectively. Similarly, Schutz and Sebert [1987] found quartz to dominate the soil and aerosol mineralogy near Northern Algeria. Therefore, during the March 2006 dust event it is possible the mineralogy may change to have quartz as the most common mineral as shown in Morocco Background Dust and Dust Storm columns of Table 2 for measurements made in Morocco where the quartz concentration increased from a background level of 24% to 65% during a dust storm [Kandler et al., 2008] , presumably because the strong winds in the storm are able to entrain large quantities of quartz particles which may exist in the soil as larger and more massive particles than the clay particles. Turner [2008] in Niamey, Niger. Turner's experiments involved measuring the dust IR radiance as opposed to the extinction, and he limited his analysis to quartz, gypsum, and kaolinite minerals, as these are among the main constituents in atmospheric dust [Sokolik and Toon, 1999] , and these three minerals also have distinctly different absorption bands in the infrared. In his definition, kaolin means any of the clays illite, kaolinite or montmorillonite. His ''radiatively significant'' composition of the mineral dust showed approximately 65% kaolinite and 35% gypsum (in external mixtures using Mie theory) to be the best mineral combination that explained his 11 mm AOT. Interestingly, his results suggest that quartz was a relatively insignificant mineral in the dust over Niamey. A summary of Turner's results are listed in the Niamey Dust Storm column of Table 2 .
Visible Index of Refraction at Dakar
[13] The dust mineralogy for the March 2006 dust event can also be estimated on the basis of the index of refraction determined by the AERONET sensor at Dakar. We plotted the real and imaginary indices of refraction in Figure 3 for most of the minerals in our estimated mineralogy (the Algeria column in Table 1 ) along with the average AERONET indices for 440, 675, 870 and 1020 nm for 9 -12 March. The average real index of our dust mixture models should normally be within 0.04 of the average AERONET real index and within ±50% for the imaginary part (see section 4.2).
[14] On the basis of the real indices for the minerals shown in Figure 3 , the derived dust mixtures should not have too much hematite (its real index is out of the range of Figure 3 since n(670 nm) > 3), gypsum or chlorite since the real indices for these minerals are much greater than the measured indices. Since illite is the only mineral with the real part below the measured indices, illite must be part of the dust mixture. Quartz's real index is above the error bars at all four AERONET wavelengths, so the dust mineralogy cannot be exclusively quartz. Quartz is not shown in the imaginary index plot because it is only about 10 À7 [Kitamura et al., 2007] in the VIS-NIR range. The derived general mineralogical guidelines based on the refractive index data are listed in the Dakar Aeronet column of Table 2 .
[15] Although we normally compute the mass fraction for each mineral to compare with other mineralogy results, to compute the effective index of refraction for our mixtures we computed the fractional volume for each mineral and set the effective index equal to the sum of the fractional volumeindex product for all minerals (see equation (10) where the real and imaginary parts are computed separately). We used the fractional volume rather than the fractional mass or area in this calculation because index of refraction (IOR) values are independent of mass but they do depend on the aerosol volume effects of absorption and refraction in addition to the surface effect of reflection, and they are determined by AERONET through sky radiance measurements which involve the computation of the aerosol volume distribution [Dubovik et al., 2000] . Once we compute the effective indices we use the differences between our modeled indices and AERONET's measured indices in our error function (see equation (2)) to help determine the mineralogy and composition of the dust.
[16] Another optical property we evaluate is the computed single scattering albedo in the VIS-NIR. The single scattering albedo, w o , measured by AERONET for 9-12 March is in the range of 0.94 to 0.98 in the VIS-NIR. This is similar to the values of 0.96 -0.97 at 550 nm found during SHADE , and 0.95 -0.98 from laboratory studies [Linke et al., 2006] . Thus along with the multispectral IOR and AOT, we compute the errors between the measured and modeled w o and adjust the mineralogy to minimize these errors. We also constrain our mixtures to have an average w o error no greater than 0.03 to further comply with the AERONET results. The average w o differences and average w o for each mixture is shown in Table 3 .
Expected Mineralogy at Dakar
[17] A summary of the mineralogy from sections 3.1-3.3, including the difference between the background and dust event mineralogy in Morocco, the mineralogy made by Turner in Niamey, and the Dakar AERONET VIS-NIR index of refraction, are shown in Table 2 . Also shown, in the Dakar Estimated Dust Mineralogy column, is a range of expected mineral concentrations based on the other columns in Table 2 and consideration that the dust event over Dakar in March 9 -12 is a strong dust storm (so the Morocco Dust Storm column is more applicable than the Morocco Background Dust column). The high feldspar concentration measured by Kandler et al. [2008] in Morocco has an IR extinction spectrum that looks similar to 400-nm-red-shifted quartz based on IR transmission spectra reported by Hunt [1982] . Unfortunately we do not have the complex index of refraction for orthoclase or plagioclase feldspar in the IR so we elected to not include them in our models. The Dakar Estimated Dust Mineralogy in Table 2 contains our best estimate of the mineralogy over Dakar based on all the information presented above, and this will be used to help guide the assessment of the various mixture models in the remainder of this paper.
Modeled IR AOT Spectra of Mineral Aerosol Mixtures
[18] In this section we report on the assessment of mineral mixtures that best meet the estimated dust mineralogy at Dakar from Table 2 , the Dakar Estimated Dust Mineralogy column and also have the best agreement with the measured VIS-NIR and IR AOTs, IORs and w o for 9 -12 March 2006 in Dakar. We use Mie theory as the primary tool for calculating the AOT spectra. In sections 4.1-4.6 we first present the IR AOT spectra for most of the minerals cited above based on Mie theory. This is followed by the determination of the best external mineral aerosol mixture (based on the agreement between the measured and modeled AOT spectra). Then we evaluate the effects of adding internal aerosol mixtures, and finally we introduce an approximation to the computations for external and internal aerosol mixtures with aspherical particles to see which model best matches the measured AOTs, IORs and w o while consisting of the expected mineralogy.
Modeled Mineral AOT Spectra Using Mie Theory
[19] Detailed data of collected Saharan dust show that aerosols are neither spherical in shape nor composed of a uniform mixture of minerals [Kaufman et al., 1997; Gao and Anderson, 2001] . Nonetheless, a number of investigators [Mishchenko et al., 1995 West et al., 1997; Pilinis and Xu, 1998; Dubovik et al., 2006; Yang et al., 2007] found that aspherical particles have comparable extinction properties to spherical particles for particles much smaller than the wavelength and for scattering angles less than 10 degrees (i.e., forward scattering). Since in our measurements the average particle diameter was less than 1/8th of the wavelength (d < 1 mm from Thomas et al.
[2009] versus l > 8 mm), and our measurements are for scattering angles less than 1.5 degrees, we expected the aerosol asphericity to negligibly impact our measurements and subsequent calculations using Mie theory (with assumed spherical particles). Therefore, we expect Mie theory [Bohren and Huffman, 1998 ] with indices of refraction of the minerals from Spitzer and Kleinman [1961] for quartz, Mooney and Knacke [1985] for chlorite, and Sokolik and Toon [1999] for the other minerals to work well in modeling the VIS and IR AOT spectra for the minerals in the March 2006 dust plume. This expectation is tested in sections 4.2-4.6.
[20] Figure 4 shows a plot of the modeled IR AOT for illite, kaolinite, calcite, hematite, gypsum, chlorite and quartz, assuming no mixtures, with a mode radius, r m , of 0.2 mm and a lognormal number size distribution with a standard deviation of 2 (so s = Log(2) = 0.3), all with an AOT of 2 at 550 nm. Montmorillonite is not shown in Figure 4 because it looks very similar to illite and kaolinite. The size distribution for these calculations is representative of the actual size distribution based on the IR AOT results using the indices of refraction from Fouquart et al. [1987] [see Thomas et al., 2009] .
[21] Several of the minerals have unique AOT peaks. Calcite has an AOT peak at 6.6 mm (in the water vapor band where no solar transmission is present), quartz has a large AOT peak at 8.6 mm and a smaller peak at 12.5 mm, illite and kaolinite have AOT peaks near 9.3 mm and kaolinite also has a small secondary peak at 10.6 mm, gypsum has an AOT peak at 8.6 mm, chlorite has a peak at 10 mm, and On the basis of the error function, the corrected external + internal mixture is the best.
hematite lacks any peaks in the IR. Individually, none of the minerals have AOT spectra that match the measurements (Figure 2 ). In section 4.2 we begin exploration of mineral mixtures.
Mixture Analysis
[22] Once entrained into the atmosphere, mineral aerosols can be either in the form of external or internal mixtures [Alfaro et al., 1998 ]. In the case of an external mixture of aerosols, the different minerals can be treated independently since they are assumed to be separate particles (aerosols) or aggregates of the same mineral. With internal mixtures, the different minerals are clumped together to form an aggregate within each aerosol. The composition and structure of internal mixtures can be quite varied. Kandler et al. [2007] found aggregates composed of many clay particles (see Figure 5 , which also shows SEM images from Puerto Rico for primarily an external mixture of minerals [Reid et al., 2003] ) while Krueger et al. [2004] found aggregates of several minerals including carbonates, silicates and sulfates.
[23] The AOT of a mixture (internal or external) of minerals can be modeled by computing the VIS-IR AOT spectra of each possible external mineral or internal mixture considered using Mie theory and then finding the fraction of each mineral or internal mixture AOT spectra that, when summed with the other mineral fractions, best matches the measured AOT values at all wavelengths. The form of this mixing is described by equation (1) for the total AOT,
where f is a scalar that represents the AOT fraction for each mineral or internal mixture at a particular size distribution (each i in equation (1)) such that the sum of all fractions, f i , equals 1. The Mie calculations were run such that the AOT i for each mineral or internal mixture equals 2.2 at 550 nm (equal to the computed average 9 -12 March AOT at that wavelength from the AERONET data). We calculated the AOT spectra for each mineral and internal mixture at several different size distributions and used these as separate entries in equation (1). The total of all external minerals and size distributions, j, used in our calculations is typically about 2-5 sizes and 8 minerals or j % 25. When internal mixtures are included (see section 4.4), the number, j, increases to about 30-35.
[24] To evaluate the quality of a given mineral mixture, we compute the combined AOT spectra for the mixture as in equation (1) and compare it to the measured VIS and IR AOTs. The comparison is at the 4 VIS-NIR wavelengths from AERONET and the 15 IR wavelengths from PIRATES. To better constrain the modeled mineralogy we also compute the effective real and imaginary indices and the single scattering albedo at the four VIS-NIR wavelengths for the mixture. We then create an error function as shown in equation (2) based on the least squares error (LSE) [Durkee et al., 2000] for the AOT, IOR and w o terms and search for the fractions of each mineral, f in equation (1), that minimizes the error function,
where in the first term the sum is over all 19 wavelengths and w is a weighting scalar that varies between 0 and 10. In the IR, w equals 10 divided by the normalized measured AOT error (see Figure 2 ). Thus the wavelengths with the lowest error (8.3 -9.3 and 10.0-11.0 mm) have the greatest weight. The maximum weight at 8.6 mm is 10 and the minimum weight at 12.5 mm is 2.8. The AOT weights for the VIS-NIR wavelengths are set at a constant of 50 per wavelength in order to make the total VIS-NIR AOT weight about twice as high as the total IR weight to account for the higher VIS-NIR AOT accuracy. The weights for n, k and w o in equation (2) (3) - (14)) and monitor for each mineral, the average radius, the AOT fraction, the extinction efficiency, the volume fraction, and the mass fraction for comparison with the expected mineralogy. We also compute and monitor for each mixture the effective scattering (equation (6)) and absorption AOT fractions, the internal and external mixture fractions, and the mean (equation (5)) and effective radii (equation (12)).
[25] As a final quality check on the derived mixture we constrain the mineral mass fraction (equation (7)) to meet the guidelines in the Dakar Estimated Dust Mineralogy of Table 2 , and we monitor the average AOT, IOR and w o for the four VIS-NIR wavelengths and require the errors relative to the measured values to be within the AERONET errors for the imaginary IOR, w o and AOT [Dubovik et al., 2000] , namely 50% for k, 0.03 for w o , and 0.04 for AOT (based on the error bars in the AERONET Dakar AOT data [Holben et al., 1998] ). For the real IOR constraint we compute the average error relative to the AERONET IOR for the VIS-NIR wavelengths and require that it be less than or equal to 0.05 rather than the AERONET error value of 0.04 [Dubovik et al., 2000] because the low measured real index of 1.42 at 1020 nm (see Figure 3) dominated the other parameters, including the error function (equation (2)). In Table 3 we show the average differences between our computed real refractive indices for each of our mineral mixtures with the measured visible indices from AERONET to verify they are within the acceptable tolerances.
[26] The equations used to compute the parameters mentioned above are shown below.
Average radius per mineral
where j is for each size distribution with mode radius, r j , for each mineral. The denominator equals the fractional AOT for each mineral.
AOT fraction per mineral at 550 nm
where i is the index for each mineral size distribution and j is for all mineral fractions (minerals and radii). Nominally the denominator in equation (4) equals 1.
Mean radius per mixture
Single scattering albedo
where AOT scat is the scattering part of the AOT, computed for all minerals, radii and wavelengths.
Mass fraction per mineral
where j is the index for all minerals, r is the density, and the Nz product (#/cm 2 ) is determined at each wavelength for each mineral (see equation (13)) and the final Nz number is the average over all 19 wavelengths (since it's not exactly constant at all wavelengths, most likely owing to slight differences between the normalized extinction coefficient spectra from [Sokolik and Toon, 1999] and our computed AOT spectra for each mineral).
Volume per mineral
Fractional volume per mineral
Real index of refraction per mixture
The imaginary part of the IOR is computed with equation (10) using k instead of n.
Area per mineral
Effective radius per mixture
Column concentration per mineral
where Nz is computed at each wavelength.
Aerosol optical thickness
per wavelength for aerosol layer thickness, z (m).
Aerosol extinction coefficient
where N is #/cm 3 and b e is scaled to m
À1
.
Aerosol extinction efficiency
assuming a monomodal size distribution with radius r and K e * is the normalized extinction coefficient per aerosol from Sokolik and Toon [1999] assuming a lognormal size distribution with mode radius r.
External Mixture Results
[27] The first aerosol mixture we evaluated is an external mixture with Mie calculations (assuming spherical particles). The mineralogy for this mixture was constrained to be similar to that of Turner [2008] , for example, 65% illite, kaolinite or montmorillonite and moderate amounts of gypsum and other minerals. There is no quartz in this mixture. Figure 6 shows the derived external mixture AOT along with the average measured AOT for 9 -12 March 2006 at M'bour. This plot (and many others below) have the VIS and IR data on separate axes with the VIS ordinate and abscissa on the left and bottom and those for the IR on the right and top to make the data easier to see. The search routine attempted to reduce the error (equation (2)) while meeting the IOR and single scattering albedo constraints and selecting from minerals with mode radii 0.05 to 0.3 mm for all minerals except illite and quartz, and selecting from illite and quartz with mode radii from 0.05 to 2 mm, in all cases assuming lognormal size distributions with a standard deviation of 2. The derived mineralogy, error, mean radius, IOR differences, single scattering albedo and other parameters are listed in Table 3 . The error function for this mixture is above 12 (which is not good), and the mixture has 60% ''kaolinite'' (illite), 15% calcite, and 20% gypsum. With this external mixture model the AOT is too low above 9.6 mm and too high from 8 to 8.6 mm and especially at 9.25 mm. There are noticeable AOT discrepancies in the VIS-NIR as well. The external Turner mixture errors above 12.0 mm suggest more quartz is needed, so we tried another external model with quartz as a constituent. The AOT plot Figure 6 . AOT versus wavelength for external dust mixtures based on the Turner mineralogy (no quartz) and Mie theory. Here and in Figures 7 -11 , the VIS and IR data are on separate axes with the VIS ordinate and abscissa on the left and bottom and those for the IR on the right and top. The modeled AOT is outside the IR error bars at most wavelengths below 10.6 mm and is within 8% of the VIS-NIR AOTs.
for this mixture is shown in Figure 7 . This mixture has slightly less AOT error than the no-quartz mixture, suggesting the presence of quartz in the mixture is possible, and its derived mineralogy and other parameters are listed in Table 3 . The AOT error is still high and the modeled AOT is not within all the measured error bars. To better match the measured AOT we next turn to an analysis using internal mixtures.
Internal Mixtures
[28] According to Sokolik and Toon [1999] and Kandler et al. [2008] , many of the Saharan dust components can exist as agglomerates in internal mixtures. It is possible that there are just as many or even more agglomerates in dust plumes than simple particle structures (external mixtures). According to Hinds [1999] , the binding mechanisms that hold separate aerosols together in an agglomerate formed in the air include the van der Waals force, the electrostatic force and the surface tension of adsorbed liquid films. Since the relative humidity was quite low (<25%) during the 2006 dust storm and most minerals are good dielectrics, the dielectric aerosols likely carried net charges on their surfaces so some internal mixtures formed in the air were likely present over Dakar. Internal mixtures can also form owing to chemical reactions on the surface of mineral aerosols. Krueger et al. [2004] , Knippertz and Fink [2006] , Kandler et al. [2007] , and Hatch and Grassian [2008] found calcite aerosols reacted with sulfuric and nitric acids in air (from Europe) to form gypsum or sulfate coatings on the aerosol surface. It is also possible, in fact even more likely according to Knippertz and Fink [2006] , that internal mixture aerosols were produced directly during entrainment from the source desert as different minerals can be mixed in the soil or sand and broken off into internally mixed aerosols. Krueger et al. [2004] and Kandler et al. [2007] showed microscopic images of internally mixed dust agglomerates from the Sahara (see Figure 5) where sections of different minerals (identified through chemical and/or spectroscopic means) appeared to be tightly attached and likely formed in the ground. Thus we expect internal mixtures of mineral aerosols, formed either in the ground or air, to be present during the March 2006 dust storm.
[29] Minerals of different groups (clays, carbonates, feldspars, etc.) follow complex mixture rules depending on the conditions of rock formation and thus depend on the geologic history, but quartz does not often mix internally with other common minerals in the ground [Kandler et al., 2008] . Nonetheless, an internal mixture of quartz, hematite and kaolinite is used to describe the optical properties of the mineral dust in the SAMUM Morocco experiment [Petzold et al., 2008] , and the optical properties were modeled sufficiently well this way in the visible. Therefore we used the Petzold mixture as one possible internal mixture. We also used internal mixtures based on the ''normal'' mineralogy of the Algeria column in Table 2 and a version of the ''normal'' mineralogy without quartz (all other ratios are the same). These three internal mixtures are referred to as ' 'Petzold,'' ''Normal'' and ''No Quartz.' ' For the three mixing rules described below we used the mass fractions from Table 2 for these internal mixtures rather than volume or number fractions.
Mixing Rules
[30] We used three mixing rules to compute the complex index of refraction of internal mixtures: volume average, Bruggeman and Looyenga [Sokolik and Toon, 1999; Voshchinnikov et al., 2007] . We selected the volume average and Bruggeman mixing models because Sokolik and Toon used these in their analysis and we selected Looyenga because Voshchinnikov and Videen found it to be among the three best mixing models (along with Bruggeman and Maxwell-Garnett). We did not use the Maxwell-Garnett model because that is designed for small inclusions inside a host matrix. For the volume average mixing rule the index of refraction for an internal mixture can be described by the average of the indices for the minerals in the mixture based on their relative volume (mass) concentrations as shown in equation (17) [Sokolik and Toon, 1999] :
where C is the volume (or mass) concentration for each mineral, n is the real part of the index for each mineral, and k is the imaginary part of the index for each mineral, i = (À1) 0.5 , and j is the number of minerals.
[31] For the Bruggeman mixing rule the complex dielectric constant is determined first and then the complex index of refraction is determined from that as shown in equation (18) [Voshchinnikov et al., 2007] . For more than 2 minerals in the mixture the Bruggeman effective index has to be solved iteratively to minimize the sum in equation (18) for all minerals, i, assuming f corresponds to the mass fraction per mineral. An exact solution (equal to zero) was not possible at all wavelengths owing to particular features in the dielectric constants of the different minerals.
For the Looyenga rule, the dielectric constant of the mixture is defined as shown in equation (19) [Voshchinnikov et al., Figure 7 . AOT versus wavelength for external dust mixture with quartz based on Mie theory. The graph properties are the same as in Figure 6 . The modeled AOT is outside the IR error bars at a few wavelengths, especially 9.25 and 9.9 mm and is within 10% of the VIS-NIR AOTs.
2007] where the equation is used separately for the real and imaginary parts of the dielectric constant.
Then the complex index of refraction is determined from the complex dielectric constants using equation (20),
Internal Mixture Results
[32] We computed all the internal mixtures using the rules listed above and selected the five best mixtures and mode radii, based on their general agreement with the measured AOT in the visible and IR. Although we computed the AOT spectra for all of these internal mixtures for many mode radii, only the ones with a mode radius of 0.2 mm had the proper spectral shape in the VIS and IR to match the measured AOTs. All mixtures were set to have an AOT of 2.2 at 550 nm. Four of these mixtures (Looyenga-normal, Looyenga-no quartz, Bruggeman-no quartz, and Bruggemannormal) are shown in Figure 8 . Notice that the Looyenga mixtures have a broad AOT peak centered near 9.2 mm and have an overall shape similar to that of illite (see Figure 4) , while the Bruggeman-no quartz mixture has two separate peaks at 9.0 and 9.55 mm which provide a better fit to the measured AOT in that region. Upon further examination of the Bruggeman mixture's shape, what stands out is an AOT dip at 9.25 mm. The likely cause of this is that illite has a negative effective real dielectric constant between 8.6 to 9.6 mm. Therefore the two AOT peaks correspond to where illite's imaginary dielectric constant is close to zero and the dip corresponds to where the real dielectric constant is negative. We don't know if this represents reality or is simply an artifact of the modeling, but it results in an AOT spectrum that is closer to the measured AOT than the other mixture models.
[33] During the computer search with Mie theory extinction spectra for a combination of internal and external mineral mixtures, we enabled the algorithm to select among the five internal mixture models mentioned above along with a wide array of external mixtures from all the minerals. For this case we found that internal mixtures make up 38% of the total AOT fraction with the internal model-mixture composed completely of Bruggeman-normal (with quartz). Figure 9 shows the resulting AOT spectra based on the best internal + external mixture and the other relevant facts for this mixture as listed in Table 3 . The introduction of the internal mixture lowered the AOT error relative to the external mixtures by more than 50%, however the modeled AOTs at 440 nm, 8.6 mm and 9.25 mm are still outside the measured error bars. We next tried to assess the accuracy of Mie theory in predicting the precise locations of AOT peaks for aspherical dust particles since Derimian et al. Figure 9 . AOT versus wavelength for internal and external dust mixture based on Mie theory. The graph properties are the same as in Figure 6 . The modeled AOT is outside the IR error bars at 8.6 and 9.25 mm but is within 7% of the VIS-NIR AOTs. Figure 8 . IR AOT spectra for internal mixtures with the Bruggeman-normal, Bruggeman -no quartz, Looyenga-normal, and Looyenga -no quartz mineralogies and mixture models. All models have AOTs of 2.2 at 550 nm.
[2008] confirmed the asphericity of the dust over M'bour on 10 March 2006 and found it to impact the 0.2-4 mm radiative efficiency calculations for the bottom and top of the atmosphere.
Extinction Resonance Correction
[34] For aspherical dust aerosols, Mie theory may not be the appropriate model for predicting the extinction spectra peaks of vibrational resonances. In what turned out to be very relevant findings for our work, Mogili et al. [2007] and Hudson et al. [2008a Hudson et al. [ , 2008b reported that Mie theory does not accurately model the measured detailed extinction spectra (line positions and band shapes) for many mineral dust aerosols in the region of their Si-O vibrational resonances, even for small particles in the Rayleigh regime where the particle diameter is much smaller than the wavelength of incident light. In particular they found, through laboratory measurements across a broad spectral range from the UV to the IR using most of our modeled minerals (illite, kaolinite, montmorillonite, quartz, gypsum and calcite), that the measured resonant peaks of the extinction spectra are red-shifted relative to the Mie theory spectra by 25-40 cm À1 , depending on the mineral. Conversely they found that a ''continuous distribution of ellipsoids'' (CDE) algorithm produced better agreement with their measurements than the Mie model, suggesting that the dust may not have been spherical.
[35] Mogili et al. [2007] also found that Mie theory predicted a quartz extinction peak at 8.6 mm that was over 2 times the measured peak extinction and the spectral location of the measured peak was at 9.0 mm rather than 8.6 mm. They did not speculate on the cause of this overprediction of the quartz extinction, but it is possibly due to the Reststrahlen bands where the real part of the IOR, n, is less than 1 (from 7.5 to 9.1 mm) or to specific phenomena that occur when n matches the absorption index (e.g., the Berreman effect, near 9 mm) or n matches the refractive index of ambient air (vanishing reflection from the Christiansen effect, near 9.2 mm) [Korte and Roseler, 2005] . On the other hand, several investigators [Aronson and Emslie, 1973; Salisbury and Wald, 1992; Hinds, 1999] have reported that small particle fines can bind to the outside of larger particles, including quartz and illite, and greatly reduce the spectral contrast and band shape in the spectra.
[36] The extinction spectra simulated by Mie theory for these same minerals in the nonresonant scattering and absorption regions of the spectra in the UV to IR were found to be in good agreement with the measured extinction spectra [Hudson et al., 2008a [Hudson et al., , 2008b . Furthermore, at the extinction peaks above 12 mm, i.e., the 12.5 mm absorbance peak of quartz, the Mie prediction is in much better agreement with the experimental data and the red shift is only 2-10 cm À1 rather than the 40 cm À1 seen in the most intense resonance lines. 4.5.1. Resonance Correction Summary
[37] Putting all of this together, if we adjust our Mie theory extinction spectra by red-shifting them in the 8 -11 mm range by about 40 cm À1 for all our modeled minerals except hematite (which lacks Si-O resonances in this range), and if we reduce the quartz extinction peak to 40% of the Mie value in this spectral range then we replicate the main results of Mogili et al. [2007] and Hudson et al. [2008a Hudson et al. [ , 2008b fairly well. We verified that our Mie theory visible/IR extinction ratios for most of the minerals, including quartz, are similar to those from Mogili et al. [2007] for the same size distributions, so our use of their findings, including the quartz extinction reduction as indicated by their measurements, appears reasonable. We assume chlorite's extinction spectra can be red-shifted as well in this range since it is a phyllosilicate similar to the other clays mentioned above, for example, kaolinite and illite. Mogili et al. [2007] and Hudson et al. [2008a Hudson et al. [ , 2008b found that the CDE algorithm produced better agreement with their measurements than the Mie model, but we did not have access to a CDE algorithm so we elected to shift our Mie modeled extinction spectra to the red by one of our spectral steps, which corresponds to 30-40 cm À1 in the 8 -11 mm range, so implementation of this resonance correction to Mie theory was simple if not completely accurate.
External Mixtures With Resonance Correction Results
[38] The modeled AOT spectra of external mixtures with extinction resonance corrections employed are shown in Figure 10 and listed in Table 3 . In the external mixtures the red-shifting was used for all minerals except hematite. The quartz extinction reduction was also used. As it turns out this model produces a much better fit to the measured AOT in the VIS and IR while also meeting the required VIS-NIR IOR and w o . The modeled IR AOTs are within all of the IR error bars and the modeled error is only 1.69. The mixture mass fraction is still dominated by illite (42%) with quartz having the second greatest mass (30%). The large illite fraction is linked to the fact that the solving algorithm selected larger illite particles (up to 2 mm radius) to provide a better match with the measured AOT and IOR (since the IOR is dependent on the volume fraction of each mineral).
Internal and External Mixtures With Resonance Correction Results
[39] As a final test we combined the corrected external mixtures with the corrected internal mixtures to see if this yielded an improved fit to the measured properties. The Figure 10 . AOT versus wavelength for the corrected external dust mixture. The graph properties are the same as in Figure 6 . The modeled AOT is within all IR error bars and is within 4% of the VIS-NIR AOTs.
modeled AOT spectra of the mineralogical fitting with the resonance corrections employed for an assumed external and internal aerosol mixture are shown in Figure 11 and listed in Table 3 . In both the external and internal particles the red-shifting was used for all minerals except hematite (since hematite has no resonances in the IR), and the quartz extinction reduction was only used in the external mixtures of quartz (since we could not easily reduce the quartz part of the internal mixture extinction). As it turns out this model produces the best fit to the measured AOTs in both the VIS and IR with an error function close to 1.1 and the modeled AOTs within the measured error bars at all wavelengths. The modeled AOT is definitely within the error bar at 9.6 mm where external illite (corrected) has a strong extinction peak. This corresponds to the ozone spectral band that interfered with our measured AOT [Thomas et al., 2009] , so it is possible the actual AOT at 9.6 mm is a little greater than we measured. Nonetheless, the best solution is to correct for the asphericity for either type of mixture (external or internal).
[40] The AOT fraction attributed to internal mixtures is 25%, with 57% from Looyenga-normal, 33% from Bruggeman-normal and 10% from the Bruggeman -no quartz mixtures. No other internal models or internal mixtures were selected. This is because the shifted Looyengano quartz mixture has too much AOT at 9.6 and 10.0 mm while the shifted Bruggeman-Petzold mixture has too much AOT at 8.6 mm. The selected Looyenga mixture and the two Bruggeman mixtures have medium AOT at 9.6 mm but lower AOT at 9.0 mm, thus they can be combined with external, shifted illite and quartz to keep the VIS_NIR IOR low while still having an IR AOT close to the measured values. Additional properties for this mixture are discussed below. 4.6.1. Computed Mode Radii, Nz, and Total Mass
[41] The average mode radius for the external + internal corrected mixture, r mix , can be found by computing the average of the 0.10, 0.2, 0.3, 0.5, 0.7, 1.0 and 2.0 mm radii particles used in our model on the basis of their relative number concentrations (Nz) and fractional AOT. The result is a mean radius r mean of 0.21 mm. This result is from the combination of aerosols with mode radii primarily at 0.11, 0.2, and 0.3, along with some at 2.0mm, with illite and quartz being the principal large minerals and calcite the principal small mineral. Our computed effective radius r eff of 0.32 mm is consistent with the 0.30 mm mode radius of the best fit Fouquart model and the 0.25 mm mode radius of the best fit Volz model used by Thomas et al. [2009] .
[42] The total column integrated number density, Nz, computed for this mixture (see equation (13) . This is close to AERONET's SDr/r*dN/dlnr average aerosol number density for 9 -12 March computed from their volume distribution (shown by Thomas et al. [2009] ) which is about 4 Â 10 11 particles/cm 2 for radii from 0.05 to 15 mm. It is interesting that the mass computed with all wavelengths is 40% less than the mass computed in the VIS-NIR yet the number density in the IR is about 300% less than the VIS-IR number; this implies the IR wavelengths are more sensitive to the mass (or volume) than the VIS-NIR wavelengths.
Internal and External AOT Fractions
[43] Using the corrected external plus internal mixture model, we calculated the internal and external mixture components of the total AOT. This was relatively easy to do because our algorithm computed them separately and then added them together. Figure 12 shows the AOT spectra for the internal and external mixture components along with the total AOT. The external mixture has an AOT about 4 times that of the internal mixture at all wavelengths. This is likely due to our limited modeling of the internal mixtures with relatively fixed compositions and sizes. Had we provided more internal mixtures with different composi- Figure 6 . The modeled AOT is within all IR error bars and is within 3% of the VIS-NIR AOTs. This model has the best fit to the measured AOTs.
tions and sizes in our search routine we may have found a higher AOT fraction from internal mixtures.
Scattering and Absorption AOT Fractions
[44] We calculated the scattering and absorption components of the total AOT and the resulting spectra are shown in Figure 13 where l is in mm. Thus the AOT is dominated by scattering in the VIS-NIR and by absorption in the IR. This low scattering in the IR helps explains our lack of measured forward scattered signal [see Thomas et al., 2009] .
Conclusions
[45] Through our analysis of the measured VIS-IR AOT, VIS-NIR IOR and VIS-NIR w o spectra from a Saharan dust plume in March 2006, we estimated the dust mineral mass fraction, size distribution, and internal mixture fraction of the dust plume. Our results are not conclusive since there are more unknowns than available pieces of information as we had to make several assumptions about the dust properties. However, our results suggest particular physical and radiative characteristics of the dust. On the basis of back trajectory analysis and published data on the mineralogy of Algerian dust, we expected quartz to be a principal component of the dust plume yet the quartz extinction peak at 8.6 mm predicted by Mie simulations was not measured. Instead we measured slight peaks at 9.0 and 12.5 mm. These spectral positions are however in agreement with the resonance shifted results for quartz of Mogili et al. [2007] and Hudson et al. [2008a Hudson et al. [ , 2008b . We also expected illite to be a significant component of the dust plume yet the strong illite extinction peak at 9.25 mm predicted by Mie simulations was not measured either. Instead we measured a peak at 9.6 mm which is however in agreement with the results for illite of Mogili et al. [2007] and Hudson et al. [2008a Hudson et al. [ , 2008b . Thus our data and calculations suggest that the spectral locations and shapes of the resonant extinction peaks for clays and quartz may not be well represented by Mie theory, possibly owing to mineral aerosol asphericity, and slight corrections in the spectral locations are needed. This is probably the most significant result from this work as it is in disagreement with the conventional wisdom regarding African dust mineralogy and its modeling, but its agreement with Mogili et al. [2007] and Hudson et al. [2008a Hudson et al. [ , 2008b gives us confidence in its reasonableness.
[46] Another result of significance is the suggestion that the studied mineral arrangements might be composed of internal mineral mixtures because of the improvement that such mixtures bring to the agreement between our modeled results and the measured data. In fact, of the five mixture models we tested the only one that met all the required index of refraction, single scattering albedo and mineralogy restrictions while at the same time having a modeled AOT within all the measured error bars in the VIS and IR is the resonance corrected internal plus external mixture (from section 4.6). Although these results are not conclusive because of the many assumptions upon which they are based, they suggest that internal mixtures may have been in the dust plume.
[47] We further found that the various models we used to match the measured AOTs (external, internal + external, external with resonance correction, and internal + external with resonance correction) have similar AOTs in the AERONET wavelengths (below 1.1 mm), but have significantly different IR AOT spectra at particular wavelengths, for example, 8.6, 9.25, 9.6, and 12.5 mm. This suggests that high spectral resolution IR measurements of mineral aerosol AOT may provide a means of seeing additional details about the aerosol distribution, including bounds on the minerals present in the dust plume and corresponding mineral size distribution (since this may impact the VIS/IR AOT ratio).
[48] Our best (corrected external + internal) model suggests that the dust mass concentration is 40% illite, 38% quartz, 11% calcite, 5% kaolinite and 6% other minerals. It turns out the mineralogy for all five of our models are very similar. This is in large part the consequence of our choice to let them be strongly influenced by the AERONET data and the magnitude of the weights w, x, y and z used in the error function analysis (equation (2)). For the weights selected the modeled mineralogy is most similar to a compromise between the normal Northern Algerian dust and the dust storm in terms of the nearly equal illite and quartz concentrations. This is a reasonable result considering the observation location relative to the dust source region.
[49] Nonetheless our mineralogy accuracy in terms of quartz and illite mass fractions is not better than about 20% because we found that changing the VIS-NIR weights to higher values relative to the IR weights drives the illite concentration up (to better match the IOR results at each VIS-NIR wavelength), while setting the IR weights to higher values relative to the VIS-NIR weights yields more quartz and less illite (to better match the IR AOT results). Thus although the weights and constraints used in our analysis (see section 4.2) are justified, the fact that different weights and constraints can change our results forces us to grant that Figure 13 . Scattering and absorbing AOT versus wavelength for the corrected external and internal dust mixture. The scattering AOT dominates the visible part of the spectrum while the absorption AOT dominates the IR part. From 6 to 8 mm the scattering and absorption parts are nearly equal.
without some sort of closure study where the dust mineralogy can be more precisely determined, our mineralogy results presented here contain a significant uncertainty.
[50] Despite the uncertainties in the mineralogy, what our results show consistently even with different weights and constraints is that the morphology (type of mixture) of the dust and its method of being modeled (resonance correction) are key to having good agreement between the measured and modeled values. We consistently find using internal mixtures and resonance corrections yield significant reductions in the error function. The trend in the error functions in Table 3 as a function of the model employed is also very consistent. The addition of internal mixtures always yields an error function almost half that of the external mixture without resonance correction, while the addition of the resonance correction always yields an error function about one fifth that of the external mixture without resonance correction. The difference in the error functions between only the resonance correction and the resonance correction plus internal mixture is not great enough to mandate the need for internal mixtures, but we consistently find the lowest error function when the internal mixtures are included in the model.
[51] For the best mixture model (internal + corrected) we found about 63% of the dust is in external mixtures in a trimodal distribution with mode radii of 0.11, 0.3 and 2.0 mm (versus AERONET's 0.05, 0.5 and 1.7 mm volume modes). Additionally, about 25% of the dust is in internal mixtures with a mode radius of 0.2 mm (though other modes are possible). The combined mean radius of all distributions is 0.21 mm. We determined the fraction of the 8 -13 mm AOT due to scattering varies from a minimum of about 0.13 at 12.3 mm to a high of 0.36 at 9.0 mm and a mean of 0.25. Thus our results show that scattering in the IR, though minor, is not negligible and must be considered as part of the dust IR AOT. This is consistent with the findings of Dufresne et al. [2001] .
[52] Recommended future work on this matter involves making AOT measurements in the 3 -5 mm range (as well as the VIS-NIR and 8 -13 mm ranges) to improve the quantification of the mineral morphology since the largest discrepancy between different aerosol shapes occurs in the midwave IR. Closure studies with particle collectors and counters to examine the mineralogy, size distribution and morphology, VIS-IR optical spectrometers and radiometers to evaluate the broadband optical properties, Lidars or airborne particle counters to measure the vertical distribution, and other meteorological instruments to indicate temperatures, humidity and wind velocities would be very useful to corroborate or refute our results. We plan to use the data from the PIRATES experiment reported here and by Thomas et al. [2009] , including the measured 8 -13 mm relative AOT and derived single scattering albedo, in remote dust retrievals from space using the Atmospheric Infrared Sounder (AIRS).
